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Abstract
In dryland environments 3–5 year rotations of tree crops and agriculture represent a major potential bioenergy
feedstock and a means to restore landscape hydrologic balances and phytoremediate sites, while maintaining
food production. In soils with low natural fertility, the long-term viability of these systems will be critically
affected by site nutrient status and subsequent cycling of nutrients. A nutrient assimilation index (NAI) was
developed to allow comparison of species and tree component nutrient assimilation and to optimize nutrient
management, by quantifying different strategies to manage site nutrients. Biomass, nutrient export and nutrient
use efficiency were assessed for three short rotation tree crop species. Nutrient exports following harvest at
3 years of high density (4000 trees ha1) were consistently higher in Pinus radiata, with values of 85 kg ha1 of
N, 11kg ha1 of P, and 62 kg ha1 of K, than Eucalyptus globulus and Eucalyptus occidentalis. Component NAI
was generally in the order of leaf<twig<bark<root<stem-wood for N, P, K, S, Ca, and Mg. The NAI ranged from
0.06 Mg kg1 for N in leaves of P. radiata to 4.7 Mg kg1 for P in stem-wood of E. occidentalis, indicating higher
sustainability of wood biomass compared with leaf biomass. The leaves for each species contained between 40
and 60% of the total nutrient contents while comprising around 25–30% of the total biomass. These nutrient
exports via biomass removal are similar to those that follow 3 years of wheat production in the same region,
indicating there is no additional drawdown of nutrient reserves during the tree cropping phase of the rotation.
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Introduction
Short rotation energy crops have the potential to pro-
vide sustainable sources of biomass (Harper et al., 2010;
Sochacki et al., 2007, 2012) provided management prac-
tices include the recycling of nutrients (Vance et al.,
2010). Many studies report the global potential of bio-
mass for bioenergy (Campbell et al., 2008; Field et al.,
2007; Hoogwijk et al., 2003), and the sustainability of
these systems is increasingly being reviewed with many
criteria being considered in relation to sustainability cer-
tification (Scarlat & Dallemand, 2011). Sustainability cri-
teria invariably include soil factors such as soil fertility
and nutrient removal (Buchholz et al., 2009; Haberl
et al., 2010; Van Stappen et al., 2011). The efficient use of
nutrients will be paramount to sustainable short rota-
tion energy crops and the predicted global yields in
these studies may not be sustainable without nutrient
input.
Phase farming with trees (PFT) has been advocated as
a method of producing biomass for bioenergy applica-
tions in the dryland farming systems of southern Aus-
tralia (Harper et al., 2000, 2010), with similar ‘green
fallow’ systems advocated for Africa (Sanchez, 2002)
and willow biomass crops in the United States (Heller
et al., 2003). A major concern with the increasing inter-
est in bioenergy and biofuel crops is that it involves
land use change (LUC) and the competition for agricul-
tural land (Van Stappen et al., 2011). Instead of perma-
nently setting aside areas for tree crops, PFT offers an
opportunity to produce a renewable energy source
as well as address environmental issues that may be
specific to particular agricultural systems.
Phase farming with trees uses short rotation (3–
5 years) tree species with high water use to produce bio-
energy and restore landscape hydrology (Harper et al.,
2010). The removal of deep rooted native vegetation
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followed by replacement with shallow rooted agricul-
tural plants in southwestern Australia has led to
groundwater rise and widespread salinization (Peck &
Hatton, 2002). Under the PFT system excess soil mois-
ture that has accumulated below the shallow root zone
of annual crops is transpired by the perennial system,
creating a dry soil buffer that reduces recharge to
groundwater (Harper et al., 2010). Biomass produced
by the system could represent a major potential feed-
stock for stationary bioenergy or liquid biofuels pro-
duced by cellulosic or pyrolitic processes. For example,
Sochacki et al. (2007) report that yields of 16–22 t dry
matter ha1 3 yr1 are feasible in an area with only
300 mm/yr rainfall, using high density PFT plantings
(4000 trees ha1) of E. occidentalis. PFT could also be
applied to marginal lands which are not suited for
intensive agriculture and a woody biomass crop would
be more sustainable.
Phase farming with trees will involve the complete
removal of above ground biomass and the partial
removal of root systems (Harper et al., 2010). If
the removal of the tree crop substantially reduces the
nutrient status of the soil then the return to agricultural
farming systems after the tree phase may be compro-
mised. There are many reports of nutrient removal in
forestry and bioenergy production systems, with these
relating to N, P, K, S, Ca, and Mg (see for example
Grove et al., 2007). Other studies have related nutrient
exports to nutrient use efficiency, either in relation to
nutrient efficient species for sustainable energy crops
(Safou-Matondo et al., 2005; Wang et al., 1991) or species
with low nutrient use efficiencies for the removal of
excessive nutrients from effluent sites (Guo & Sims,
2002; Guo et al., 2006b). In southwestern Australia, con-
cerns about the sustainability of forest crops have
focused on the depletion of soil nutrients in general and
more specifically, soil organic matter and nitrogen con-
tents following harvest of pulpwood plantations (Mend-
ham et al., 2004; O’Connell et al., 2003), such as Eucalyptus
globulus which is grown in 10 year rotations. Similarly,
intensive farming activities such as continuous cropping
with cereals or harvesting pastures for hay have been
associated with potassium deficiencies in this region (Cox,
1980).
The sustainability of soil nutrient removals by PFT
plantings in lower rainfall areas (300 mm mean annual
rainfall) with short growing periods of 3–5 years has
thus been raised as a concern (Harper et al., 2008). For
PFT to be implemented over large areas, nutrient use
needs to be sustainable and ideally, losses should not
exceed those from current farming practices. In this
study we report nutrient losses following harvesting of
an experimental PFT planting in comparison to other
farming practices.
We discuss the implication of species selection on bio-
mass production and compare subsequent nutrient use
efficiency of tree components and propose a nutrient
assimilation index (NAI) as a sustainability index for
the comparison of nutrient use efficiency across differ-
ent studies and species.
Materials and methods
Location
The study site (Harper et al., 2010; Sochacki et al., 2007) was
located near Corrigin, Western Australia, approximately
240 km east of Perth (Fig. 1, 117°41′47.13″E; 32°23′24.67″S), the
State capital. This site was selected as having soils and land-
forms representative of the general region (McArthur, 1991). It
has a semiarid mediterranean climate, with a seasonal drought
from November to April, a mean annual rainfall (1889–2001) of
365 mm/yr, and mean annual evaporation of 1789 mm/yr.
The mean rainfall during the 3 years of the experiment was
304 mm/yr.
Experimental design
An experiment was established in August 2001 (winter) to eval-
uate the potential of short rotation tree crops to transpire excess
soil water to depth (6–8 m) and create a buffer of dry soil to
capture the leakage that occurs below the shallow root zone of
subsequent annual crops (Harper et al., 2008). The experiment
was designed to determine whether water use and biomass
production could be manipulated by species selection and
planting density. The trial design had three replicate blocks,
with 15 treatments plots (50 9 50 m) per block comprising
Fig. 1 Location of the experimental site at Corrigin, Western
Australia.
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three species; Eucalyptus globulus, E. occidentalis, and Pinus radi-
ata planted at 500, 1000, 2000, and 4000 trees ha1. Five tree
components for each tree species were accessed for folia nutri-
ent levels. Sochacki et al. (2007) demonstrated that the highest
yields from this system were with high density (4000
trees ha1) treatments and so in this study we focus on the
nutrient export associated with these treatments.
The three blocks were situated in the same field, but arrayed
in different landscape positions. Block 2 (upper slope) was on
a gravelly ridge, Block 1 (mid slope) in a concavity with a
sandy duplex profile, and Block 3 (lower slope) with a sandy
duplex profile with a confined saline aquifer with a potentio-
metric surface 2–3 m below the ground surface. All sites had
deeply weathered profiles, typical of the region, to at least
10 m depth.
Nutrient history of the site
At this site conventional farming is similar to that practiced
across broad areas of southern Australia with annual rotations
of cereal (Triticum aestivum, Hordeum vulgare) or legume (Lupi-
nus angustifolius) crops with improved annual legume (Trifo-
lium subterraneum) and grass (Lolium rigidum) pastures grown
during the winter rainfall season (Squires & Tow, 1991). The
property was originally cleared from natural bush-land in 1920,
and typically had superphosphate (9.1% P) applied at an
annual rate of 100 kg ha1yr1, and was subsequently cropped
or grazed on an annual rotational basis. Nitrogen in these crop-
ping systems is derived from either leguminous crops and pas-
tures or through applications of nitrogen fertilizer during
cropping phases at rates of up to 50 kg N ha1yr1.
Soil sampling and analysis
Soil samples were collected to compare soil nutrient stores and
tree nutrient exports at the completion of the experiment. Three
soil pits were excavated in the field adjacent to each treatment
block. Three samples were taken at 0–0.1, 0.1–0.2, and 0.2–
0.3 m depth in each pit using a 0.1 m internal diameter bulk
density sampler. The soil profile was sampled to this depth as
previous studies have shown this depth as having the highest
fine root density of tree species, and this would also be the
rooting depth for nutrient uptake of annual crops (Turner &
Kelly, 1977). Samples were oven dried at 105 °C to constant
weight for bulk density determination and sieved through a
2 mm sieve to allow calculation of gravel content. The sieved
portion of the samples was bulked for each depth interval for
each sample pit.
Total C and N were determined by combusting soil samples
at 950 °C in oxygen using a Leco FP-428 Nitrogen Analyser
(Sweeney & Rexroad, 1987). Available phosphorus and potas-
sium were measured using the Colwell method (Rayment &
Higginson, 1992). Electrical conductivity, pH in water, and pH
in calcium chloride were determined in a soil:solution ratio of
1 : 5 using deionized water (Rayment & Higginson, 1992).
Exchangeable cations (Ca, Mg, Na, and K) were determined
using the method of Gilman and Sumpter (Rayment & Higgin-
son, 1992).
The soil nutrient store, on a mass density basis, was calcu-
lated for the three depth intervals by using mean nutrient con-
centrations, gravel content, and bulk density.
Allometric relationships and component biomass
The development of allometric tree component relationships
for the three tree species at this site was reported previously
(Sochacki et al., 2007). These were developed from the sampling
of trees at 36 months of age, with the sample including a range
of tree size and form representative of the stand. Roots were
excavated to include all material to a minimum diameter of 3–
5 mm. Results were calculated on the basis of oven dry (70 °C)
biomass. In this study, we apply these relationships to predic-
tor variables (diameter at 0.1 m above ground and tree height)
measured on all trees within 20 m by 20 m permanent mea-
surement plots to derive estimates of tree component biomass.
Nutrient analysis
Nutrient analysis was performed on leaf, twig, stem-wood,
bark, and roots. Material collected and dried for biomass sam-
pling (Sochacki et al., 2007) was subsampled for nutrient analy-
sis. Wood from roots and stem samples was cut into smaller
pieces in preparation for milling. Nitrogen was determined by
combusting finely ground samples at 950 °C using a Leco
FP-428 Nitrogen Analyser (Sweeney & Rexroad, 1987). Phos-
phorus, potassium, sulfur, sodium, calcium, and magnesium
were digested in nitric acid and measured by ICP-AES
(McQuaker et al., 1979).
Nutrient assimilation index and nutrient export
We propose the use of a Nutrient Assimilation Index (NAI):
NAI ¼ Bc=Nc ð1Þ
where NAI is the nutrient assimilation index (Mg kg1), Bc is
oven dry component biomass yield (Mg ha1), and Nc is the
component nutrients assimilated (kg ha1).
This approach allows for the standardization of measure-
ments in determining the sustainability of tree crops, with val-
ues having the same units (Mg) typical of biomass
measurement. Larger values indicating a good nutrient use effi-
ciency and lower values indicating poorly performing species.
Other studies have used yield (kg) divided by assimilation
(kg), which results in large unwieldy values for the sake of
comparison (for example, Adegbidi et al., 2001; Safou-Matondo
et al., 2005).
Component nutrient export was estimated from mean com-
ponent nutrient values for each treatment multiplied by the
component biomass of that treatment and are presented on an
oven dry basis.
Statistical analysis
Nutrient foliar analysis data were examined using XLSTAT and
SigmaPlot 12 statistical software, a balanced design ANOVA model
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for factors landscape position, species, and tree component was
accessed. Data were transformed to ensure homogeneity and
normality to satisfy assumptions for ANOVA. Normality was
assessed using Shapiro–Wilk’s test. The effect of qualitative
variables on dependant variables was related by the F statistic
and comparison procedures using the Holm–Sidak method.
Results
Soil properties and nutrient store
The proportion of gravel ranged from 1% (0–0.1 m
depth) in the lower landscape treatments to 58% (0.2–
0.3 m depth) in the upper landscape treatments
(Table 1), on an oven dry basis. All soils were mildly
acidic with pH ranging between 4.6 and 5.0, for all three
depth intervals. Soil carbon concentrations were greatest
in the surface 0.1 m layer for all three landscape posi-
tions at approximately 1.0% for the upper and mid
slope and 0.8% for the lower slope. Contents of N, P, K,
and soil exchangeable cations were generally greatest in
the top 0.1 m layer and decreased with depth. Total
contents of soil nutrients (kg ha1) are presented in
Table 2, for the top 0.3 m of the soil profile.
Concentrations of elements for tree components
Concentrations of elements for different tree compo-
nents are presented in Table 3. Significant variations in
macronutrient concentrations were observed between
tree components for N, P, K, and S with these being sig-
nificantly (P < 0.001) higher in the leaf component of all
three species. E. globulus and E. occidentalis had signifi-
cantly (P < 0.001) higher concentrations of Ca in all
components than P. radiata.
Biomass yield
For each species there was a significant (P < 0.001)
increase in yield with planting density and slope posi-
tion. All species yielded significantly more biomass at
4000 trees ha1 (Sochacki et al., 2007), and the values for
that planting density are used here. The highest biomass
yields for E. globulus and E. occidentalis were from 4000
trees ha1 treatments located on the lower slope site
(Fig. 2), with respective values of 16 and 22 Mg ha1
3 yr1, whereas P. radiata had the highest yields in both
mid and upper slope treatments with approximately
14 Mg ha1 3 yr1 of total biomass (Fig. 2).
Nutrient export
Leaf and stem-wood accounted for about half of tree
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approximately 25% of biomass for E. globulus and E. oc-
cidentalis and 30% for P. radiata. Stem-wood was approx-
imately 25% for all three species. Stem-bark was similar
for E. globulus and E. occidentalis at 7% and slightly less
for P. radiata at 4%. E. globulus and P. radiata both had
approximately 25% of total biomass in the root compo-
nent. This increased to 34% for E. occidentalis.
The total nutrient export for each species and land-
scape position, calculated from biomass yield and
nutrient concentrations, was estimated for N, P, K, S,
Ca, and Mg (Fig. 3). Nutrient export was significantly
higher (P < 0.001) for the leaf component for all nutri-
ents and species (Fig. 4). N export was highest for
E. occidentalis at 124 kg ha1 followed by P. radiata with
approximately 110 kg ha1 for both mid and upper
slope positions (Fig. 3). N export for E. globulus was
87 kg ha1 in the lower slope position. P. radiata had
the highest levels of P (14 and 13 kg ha1) and K (87
and 80 kg ha1) export at both mid and upper slope
positions, respectively. All three species had similar
levels of Mg export for the mid and upper slope of
about 15 kg ha1 and over 25 kg ha1 for E. globulus
and E. occidentalis in the lower slope position. S export
was highest for E. occidentalis at 14 kg ha1 followed
by P. radiata with 11 kg ha1 at both mid and upper
slope positions. Ca export was similar for both E. glob-
ulus and E. occidentalis at 160 kg ha1 for lower slope
treatments, these two species having significantly
(P < 0.001) higher levels of Ca export for all three land-
scape positions in comparison to P. radiata with a maxi-
mum Ca export of 35 kg ha1 for mid and upper slope
treatments.
Nutrient export of tree components
The leaf component of all three species had significantly
(P < 0.001) greater proportions of nutrients compared
with all other components for each of the nutrients N,
P, K, S, Ca, and Mg. In each case it accounted for 40–
60% of nutrient export for all three species (Fig. 4). Bark
contributed approximately 5% of N, P, K, and S and
approximately 10% of Ca and Mg for E. globulus and
E. occidentalis. For P. radiata bark nutrient export was
approximately 5% for all of the above nutrients. Roots
and twigs contributed to nutrient export in a similar
manner with proportions in the range 10–20%.
Mean landscape nutrient export
Total nutrient export for each species in each of the three
landscape positions is shown in Fig. 5. P. radiata had the
highest amounts of N, P, and K export (85 kg ha1,
11kg ha1, and 62 kg ha1, respectively), followed by
E. occidentalis (77 kg N ha1, 6 kg P ha1, and 43 kg
ha1) and E. globulus (67 kg N ha1, 6 kg P ha1, and
43 kg ha1). S export was similar for all three species
between 7 and 9 kg ha1. Ca export was highest for both
E. globulus and E. occidentalis at approximately 115 kgM
ha1 compared to 28 kg ha1 for P. radiata. Mg export
ranged from 14 kg ha1 for P. radiata to approximately
20 kg ha1 for E. globulus and E. occidentalis.
Nutrient Assimilation Index (NAI)
The nutrient assimilation index Eqn (1) was used to
compare component nutrient use efficiency for each
species (Fig. 6); for all components NAI generally fol-
lowed the order of leaf<twig<bark<root<stem. Similarly,
for all three species, leaves had the lowest NAI for most
nutrients and stem-wood had the highest NAI (Fig. 6).
For leaves, the lowest NAI values occurred for N.
E. globulus, and E. occidentalis had low NAI values for
Ca for leaf, twig, bark, and root components.
Discussion
Differences in biomass production were not entirely
reflected in nutrient export. For example, although E. oc-
cidentalis produced 14% more biomass than P. radiata,
the differences in tree component nutrient content
between species resulted in P. radiata exporting greater
levels of several nutrients. Component nutrient exports
were averaged across the three landscape positions
(Fig. 5) and P. radiata had the highest amounts of N, P,
and K export, 85 kg ha1, 11 kg ha1, and 62 kg ha1,
respectively, even though this species did not have the
Table 2 Mean soil nutrient contents (kg ha1) across the three landscape positions for three soil depth intervals
Nutrient mass (kg ha1)
Depth (m) Total C Total N Bic-P Bic-K Exch-Ca Exch-Mg Exch-K
0–0.1 14866 1303 32 101 485 69 105
0.1–0.2 4980 336 17 83 261 41 100
0.2–0.3 5243 384 10 82 334 54 107
Total 25089 2024 60 266 1081 165 313
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highest biomass yield. The highest overall nutrient
export for N, P, and K occurred in situations with
higher concentrations of nutrients, partitioning of tree
components, and relatively high biomass yield. For
example, P. radiata had 5% more leaf component (nutri-
ent rich) and 10% less root component (nutrient poor)
than E. occidentalis. E. occidentalis (77 kg N ha1, 6 kg P
ha1, and 43 kg K ha1) and E. globulus (67 kg N ha1,
6 kg P ha1, and 43 kg K ha1) had lower levels of
nutrient export when calculated as an average land-
scape value.
Nutrient export
The amount of nutrients assimilated by the PFT system
is small in comparison to longer rotation tree crops, such
as E. globulus (Mendham et al., 2004), due to the short
rotation length and lower yields at this lower rainfall site
compared with those sites examined by Mendham et al.
(2004). Similarly, the export of different nutrients by the
PFT system can be compared with exports reported for
agricultural production, in the same region. Here, the
farming practices comprise cropping with cereal grain,
grazing of introduced pasture plants, or the cutting and
removal of hay crops. These practices generally rely on
annual nutrient input via fertilizers to maintain yields.
The typical nutrient export for wheat grain and wheat
straw are compared with a PFT crop in Table 5. The
removal by the trees is clearly less for N and P when
wheat grain only is removed, and potentially less for K
if straw is removed. Wise & Pitman (1981) compared
nutrient export of agricultural crops to six species of eu-
calypts grown in 10 year rotations on the north coast of
New South Wales with nutrient export for cereal crops
of 100 kg N ha1, 30 kg P ha1, and 60 kg K ha1 for a
single year, which were not as conservative as the
















































Fig. 2 Biomass yield (Mg ha1) after 3 years growth for each
tree component for E. globulus (glob), E. occidentalis (occid), and
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cropping with one fallow year every 4 years, the nutri-
ent removal by eucalypt plantations was much less.
Other studies have compared cereal crops to tree crops
and found similar levels of nutrient accumulation.
Wang et al. (1991) showed N accumulation in 5.5 year
rotations of Casuarina equisetifolia and Albizia procera cal-
culated on an annual basis was comparable to maize
and sorghum. Harmand et al. (2004) report that harvest-
ing of grass for fodder could potentially be a more seri-
ous risk to site fertility than 5–7 year tree rotations.
Nutrient assimilation index (NAI)
The NAI proposed in this study will enable the compar-
ison of tree and component nutrient use across different
studies for differing species. Nutrient use by tree crops
is often expressed as kg ha1 of nutrient export, which
does not immediately relate to biomass yield (Merino
et al., 2005; Safou-Matondo et al., 2005). When nutrient
use is related to biomass yield as nutrient use efficiency,
the units have been expressed either as kg biomass per
kg nutrient (Adegbidi et al., 2001) or kg biomass per g
nutrient (Kimaro et al., 2008), however, neither of these
relate to typical units of biomass yield (Mg). In this
study, the use of a NAI with units of Mg kg1 enable
nutrient use to be associated with typical units for bio-
mass yield and can be more easily related to yield asso-
ciated with tree crop species. For example, for a tree
crop species with a NAI of 2 for N that yields
100 Mg ha1 of biomass, the export of N would be
50 kg ha1 and this could then be related to a demand
of 50 kg ha1 on soil nutrient store.
Table 4 Partitioning of tree components leaf, twig, stem-









bark (%) Roots (%)
E. globulus 25.1 17.8 26.3 7.0 23.8
E. occidentalis 23.8 12.0 23.5 6.7 33.9
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Fig. 3 Total amounts of (a) nitrogen, (b) phosphorus, (c) potassium, (d) sulfur, (e) calcium, and (f) magnesium (kg ha1) removed in
each landscape position with harvest at 3 years for E. globulus (Eg), E. occidentalis (Eo), and P. radiata (Pr).
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In this study, the NAI was used to compare tree com-
ponents to determine nutrient use and potential harvest
manipulation to retain nutrients on site. Leaves typically
had the lowest NAI, and the retention of leaf biomass
on site is therefore an option to minimize nutrient loss.
The NAI of tree components followed similar trends to
previous studies relating to nutrient use efficiency
(Kumar et al., 1998), and the order of nutrient assimila-
tion among components was leaf<twig<bark<root<stem-
wood, which was similar to the results of Wang et al.
(1991), with the most nutrient efficient component being
stem-wood having a NAI of 4.7 Mg kg1 for P and S.
Wang et al. (1991) showed that nutrient use efficiency
varied widely between five tropical taxa including Euca-
lyptus robusta. Nutrient use efficiency increases with tree
age, and consequently short tree rotations are nutrient
expensive and the retention of nutrients on site is
important to ensure sustainable tree crop management.
The NAI is thus a valuable guide to the efficiency of a
tree crop in relation to nutrient use efficiency and bio-
mass yield. For sustainable biomass production, site
nutrient levels need to be maintained to avoid site deg-
radation and a NAI can be used as a basis for compar-
ing different management strategies. One approach is
via species selection; in this study P. radiata was not as
nutrient efficient as E. globulus and E. occidentalis, assim-
ilating more nutrients despite producing less biomass.
The NAI may also have applicability in phytoremedia-
tion where trees are being used to strip nutrients from
the soil to prevent eutrophication of groundwaters
(Rockwood et al., 2004); in this case species with a low
NAI would be purposely selected.
Soil protection
Soil protection via retention of nutrients and minimiz-
ing nutrient export will be crucial for the sustainability
of PFT systems. Studies have shown that N is immobi-
lized by eucalypt leaf residues that could result in
short-term limitations in N supply (Aggangan et al.,
1999; Corbeels et al., 2003). This reduction in N mineral-
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Fig. 4 The proportion (%) of (a) nitrogen, (b) phosphorus, (c) potassium, (d) sulfur, (e) calcium, and (f) magnesium contained in dif-
ferent plant components for each species combined across all landscape positions.
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may also represent an opportunity to improve soil
structure and soil carbon storage through the addition
of organic matter. Guo et al. (2006a) reported that up to
24% of total N uptake by 3 year old eucalypt species is
returned to the forest floor via litter fall. This recycling
of N would also be associated with organic carbon
input into the soil.
The mean amount of P and K removed from the site
represented 16% and 22% of the soil available nutrients,
respectively. Soil P is a function of the quantity of labile
P and an inverse function of the soil buffering capacity
(Holford, 1997). The availability of P in the soil is a
complex and dynamic interaction between P in the
solid phase and the concentration of P in solution
(available P). P in solution is absorbed by roots and is
replenished from the solid phase which is affected by
how strongly P is sorbed by the soil (Holford, 1997).
Continuous application of superphosphate, as is the
case in agriculture, has the effect of eventually saturat-
ing the soil with sorbed P, resulting in more available P
for crop growth (Bolland et al., 2003). In this study
more detailed analysis of soil P is warranted to deter-
mine the effect trees have on available P in the crop-
ping root zone and on recycling leached P from deeper
in the soil profile as a result of several years of phos-
phate application.
The amount of K removal may be a concern for the
lower landscape position which had the lowest soil K
concentrations (Table 1). Brennan et al. (2004) investi-
gated the effect of soil K levels on wheat yields in sandy
soils in southwestern Australia and reported the critical
levels of Colwell K as <50 mg kg1. The concentrations
for the lower landscape range from 25 to 37 mg kg1
for the soil depths sampled and such areas may require
the addition of K if returned to conventional wheat
cropping. Grove et al. (2007) reported amounts of bio-
mass removal similar to those reported in this study for
5 year old eucalypt mallee trees, and recommended the
application of supplementary fertilizer to sustain
growth rates over several harvesting cycles.
Nutrient management
Nutrient export could also be manipulated through
employing different harvest strategies, such as only
removing selected components of the trees, or through
the return of processing residues following bioenergy
production. For example, approximately 50% of
exported N, P, K, S, Ca, and Mg are in the leaf compo-
nent (Fig. 4) and inducing leaf senescence would result
in the retention of nutrients in the farming system and
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Fig. 5 The amount (kg ha1) of (a) nitrogen, (b) phosphorus, (c) potassium, (d) sulfur, (e) calcium, and (f) magnesium contained in
different plant components for each species combined across all landscape positions.
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leaf material back into the soil. The obvious trade-off is
the loss of 25–30% of biomass, available for bioenergy
production, and it may be more economically viable to
replace the removed nutrients with mineral fertilizers.
Respreading ash from bioenergy plants would recycle
some nutrients, such as P and K in particular and possi-
bly have a liming affect on the soils as ash can contain
carbonates (Harper et al., 1982). Depending on the bio-
energy process, biochar could be produced from this
material with possible beneficial effects on soil fertility
(Steiner et al., 2007).
Further research is required to determine the effec-
tiveness of strategies to either replace these removed
nutrients via the application of fertilizer, modifying har-
vesting practices to only remove selected components of








































































































































Fig. 6 Nutrient Assimilation Index for (a) nitrogen, (b) phosphorus, (c) potassium, (d) sulfur, (e) calcium, and (f) magnesium for
each component for E. occidentalis, E. globulus, and P. radiata.
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from bioenergy production. The proportion of agricul-
tural land under PFT would be dependant on individ-
ual farm budgets, and the proportion of land set aside
would vary depending on farm income and manage-
ment.
In this study, the export of nutrients for a 3 year rota-
tion bioenergy system did not detrimentally affect the
nutrient status of the dryland farming system. The
application of PFT in short rotations on agricultural
land was not only sustainable but potentially enabled
the recycling of leached nutrients. The NAI provides an
objective basis for optimizing nutrient management in
bioenergy systems, with quite different values between
tree species and tree components. Despite high nutrient
demands (low NAI), nutrients exported do not exceed
typical farming practices and would have minimal
impact on soil nutrient stores. Nutrient removal could
be alleviated through the employment of different har-
vesting strategies, or the replacement of lost nutrients
either by reapplication of biomass wastes after process-
ing or through rotations of legume crops for N input.
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